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Highly purified sarcolemmal membranes were prepared from pig heart homogenates by differential and 
density gradient centrifugations. The membrane fragments exhibit ATP-dependent Ca2+-transport and 
Na+/Cal+-exchange activities. ATP-dependent Ca2+-transport (K@” = 0.3 PM; Vmax = 4.6 nmol 
Ca2+.mg protein-’ . min-‘) is not stimulated by oxalate. Ca 2+-uptake is also not supported by p-nitro- 
phenylphosphate. Preincubation of sarcolemma with MgATP, calmodulin and catalytic subunit of cyclic 
AMP-dependent protein kinase stimulates active Ca 2+-transport 1.8-fold. The effects of calmodulin and 
catalytic subunit are potentiating rather than additive. A large portion of the Ca2+ additionally accumul- 
ated after prephosphorylation of membranes is exchangable for Na+ via the Na+/CaT+-exchange system. 
Cardiac sarcolemma Cd + -pump Protein kinase Cyclic AMP Calmodulin 
1. INTRODUCTION 
Cardiac SL contains an ATP-dependent Ca* + - 
transport system distinct from the Ca*+-pump of 
cardiac SR [l-3]. Whereas the reticular Ca*+- 
ATPase transports Ca*+ from the myoplasm into 
the lumen of intracellular membranes, the sarco- 
lemma1 Ca*+-ATPase participates in the extrusion 
of Ca*+ from myocardial cells. Notwithstanding a 
number of different properties both Ca*+-ATP- 
ases are expected to be stimulated upon exposure 
of the mammalian heart to /3-adrenergic agonists 
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Abbreviations: C subunit, catalytic subunit of the cyclic 
adenosine 3’,5’-monophosphate-dependent protein 
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sulfonic acid; EGTA, ethylene glycol bis@-aminoethyl- 
ether) NJ’-tetraacetic acid; pNPP, p-nitrophenylphos- 
phate; TFP, trifluoperazine hydrochloride; SL, sar- 
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and other cyclic AMP-raising agents [4,5]. Cyclic 
AMP-dependent stimulation of Ca*+-transport by 
membranes of the SR is well documented. It pro- 
ceeds via cyclic AMP (and Ca*+ /calmodulin)- 
dependent phosphorylation(s) of a low Mr pro- 
teolipid, called phospholamban [6]. The first evi- 
dence for protein kinase-catalyzed stimulation of 
Ca*+-ATPase contained in cardiac SL appeared in 
[7,8]. The experiments presented here explore fur- 
ther facets of the phenomenon: Using highly pu- 
rified vesicles of the cardiac cell plasma membrane 
an - 1 J-fold stimulation of active Ca* + -transport 
is observed after phosphorylation of SL-bound 
proteins in the presence of calmodulin and C sub- 
unit of cyclic AMP-dependent protein kinase. 
There is much less stimulation or no stimulation 
when phosphorylation is carried out with either C 
subunit or calmodulin alone. 
2. MATERIALS AND METHODS 
45CaC12 of spec. act. l-2 mCilpmo1 Ca*+ was 
purchased from the Radiochemical Centre 
(Amersham). The cationophore A 23187 was ob- 
tained from Calbiochem. The antibiotic alamethi- 
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tin was a generous gift of Dr G.B. Whittield (Up- 
john Co.) and TFP was kindly supplied by Smith 
Kline and French Labs. All other substances used 
were analytical or reagent grade. 
Plasma membranes were prepared from pig 
heart ventricles by a modification of the method in 
191. At variance with the latter procedure Ca*+- 
oxalate-loading of the microsomal fraction was, 
however, omitted. Final fractionation was 
achieved by centrifugation of membranes into a 
linear l&-35% (w/v) sucrose gradient prepared in 
tubes of the Beckman SW 27 rotor. The gradient 
solution contained also 0.6 M KC1 and 10 mM his- 
tidine (pH 7.2). During a 90 min centrifugation at 
87 000 x g, plasma membranes ediment in sucrose 
layers between 18-20% sucrose. The membranes 
were collected by centrifugation and finally sus- 
pended in 160 mM KCl, 20 mM Hepes (pH 7.3). 
Calmodulin was purified from pig brain [ 10) and C 
subunit was isolated from bovine heart [ 111. 
Ca*+ -transport was measured with lo-40 pg 
membrane protein/ml of a medium containing 
20 mM Hepes-Tris of pH 7.3, 160 mM KCl, 
2 mM MgC12, 1 pg oligomycin, 10 PM digitoxi- 
genin, 1 mM ATP-Tris, 75 PM 45CaC12 (lo- 
15 @i/pmol) and either 0.5 PM calmodulin or 
0.5 PM C subunit or both. Following temperature 
equilibration at 37°C membranes were incubated 
for 2 min with the complete reaction mixture ex- 
cept ATP-Tris. The reaction was started by addi- 
tion of the nucleotide (ATP-initiated Ca*+-up- 
take). Alternatively, membranes were preincu- 
bated for 2 min with ATP-Tris in the absence of 
45CaC12. This was followed by addition of the 
radioisotope (Ca* + -initiated Ca*+-uptake). The 
reactions were terminated by millipore filtration. 
Ca* + -uptake values were corrected for ATP-inde- 
pendent Ca*+-binding. Each data point was mea- 
sured in triplicate and the experiments were 
repeated with at least 4 membrane preparations. 
Ca* + ,Mg+ -ATPase was assayed in the presence 
of 3 PM A 23187 under conditions otherwise iden- 
tical to those used in Ca*+-transport measure- 
ments. The specific enzyme activity amounted to 
4.3 + 0.7 pmol Pi . mg protein-t . h-t. It is reduced 
by 60-70% in the presence of 2 PM orthovanadate. 
Na+ ,K+ -ATPase and K+-pNPPase were deter- 
mined in the absence and in the presence of 1.2 mg 
alamethicin/mg membrane protein. Na+- and 
K+-stimulated activity was inhibited with 0.3 mM 
digitoxigenin, while K + -stimulated pNPPase ac- 
tivity was suppressed with 0.3 mM ouabain. The 
digitoxigenin-inhibited Na+ ,K+-ATPase activity 
measured in the absence of alamethicin accounts 
for sealed inside-out vesicles and for open mem- 
brane fragments. Under the same conditions oua- 
bain-inhibited K+ -pNPPase activity is representa- 
tive for sealed right-side-out vesicles as well as for 
open membrane fragments [121. In the presence of 
alamethicin, binding sites located on both sides of 
the membrane become freely accessible to sub- 
strates and effecters [9]. The increase in specific 
activities of Na+ ,K+-ATPase and pNPPase ob- 
served in the presence of the antibiotic allowed us 
to calculate a contents of - 60% right-side-out and 
- 35% inside-out oriented plasma membrane vesi- 
cles. The activities of Na+,K+-ATPase and K+- 
pNPPase measured in the presence of alamethicin 
were 87.3 26.6 and 23.0&3.4pmol Pi . mg pro- 
tein-t . h-t, respectively. 
Protein was determined according to [13] with 
ovalbumin as standard. 
3. RESULTS 
3.1. Characterization of ATP-dependent Cd+ - 
transport 
As shown by the specific activities of Na+ ,K+ - 
ATPase and K+ -pNPPase the membrane prepara- 
tion used is highly enriched in plasma membrane- 
derived fragments. This is confirmed by the pres- 
Table 1 
Caz+-uptake in cardiac plasma membrane vesicles 
Conditions Cal+ uptake (nmol Ca2+ /mg protein) 
1 min 5 min 10 min 
ATP 4.55 5 0.41 14.4k2.1 18.2k2.1 
(n= 17) (n=6) (n=9) 
ATP + oxalate n.d. n.d. 17.3 20.8 
(n=5) 
pNPP n.d. n.d. 2.4 f 0.9 
(n=4) 
Means 2 S.E.; n.d. = not determined 
Ca2+ uptake was measured as in section 2. Reactions 
were started by addition of either 1 mM ATP or 3 mM 
pNPP. The final concentration of K-oxalate, when 
present, was 2.5 mM 
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Fig.1. Stimulation of Ca*+-transport following pre- 
incubation of cardiac plasma membranes with MgATP, 
calmodulin and C subunit. The experimental protocol 
for Ca*+-initiated Ca*+-uptake was as in section 2: (o) 
control; (A) 0.5 PM calmodulin; (X) 0.5 PM C subunit; 
(0) 0.5 PM calmodulin and 0.5 PM C subunit. Mean val- 
ues (n=5) of 4.5520.47, 5.05?0.50, 6.37kO.30 and 
8.42-c 1.27 nmol Ca*+ . mg protein’ . minpt were cal- 
culated for initial Ca*+-uptake rates exhibited by con- 
trol membranes and by membranes pre-phosphorylated 
in the presence of either calmodulin, C subunit, and 
calmodulin together with C subunit, respectively. 
ence of Ca2+ -transport systems characteristic for 
cardiac SL. When net Ca2+ -uptake is started with 
ATP, the reaction proceeds linearly with time in 
the first minute and reaches a plateau only after 
lo-15 min. The Ku5 (Ca2+)-value for Ca2+- 
transport ranges between 0.3-0.5 PM. The initial 
rate at saturating [Cal+] is 4.6 nmol Ca2+ . mg 
protein-t . min-1. Ca2+ -transport is not stimulat- 
ed by oxalate. It is also not supported by pNPP 
(table 1). The latter properties as well as the slow 
kinetics distinguish sarcolemmal Ca2+ -transport 
from Ca2+ -transport by reticular membranes. In 
addition, Ca2+ accumulated by the sarcolemmal 
+ C subund 
-rolmodulm 
+C Jubunlt 
+colmoduh 
T 
Fig.2. Enhanced Ca*+ -uptake into vesicles of the car- 
diac plasma membrane as revealed by the amount of 
Na+-released Ca*+. For conditions of Ca*+-uptake see 
tig.1. After Ca*+- accumulation has proceeded for 
5 min, release of the cation was started by addition of 
40 mM NaCl. The amount of Ca*+ remaining in the 
membrane vesicles was determined 2 min after addition 
of NaCl. Means & S.E. of 5 expt: (*) significant com- 
pared to control values; (**) significant compared to 
values measured in the presence of C subunit alone. 
membrane vesicles is readily exchanged for Na+ 
via the Na+ /Ca2+-antiporter localized in plasma 
membranes but not in reticular membranes. About 
90% of Ca2+ transported under standard condi- 
tions into inside-out oriented vesicles is released to 
the medium upon addition of 40 mM NaCl (see 
fig.2). Active transport is strongly reduced in the 
presence of orthovanadate. At 2 PM, the anion 
causes an -60% inhibition and at 10 PM inhibi- 
tion is almost complete (not shown). By contrast, 
oligomycin, an inhibitor of mitochondrial Ca2 + - 
transport, has no effect on Cal+-uptake by the 
plasma membrane preparation. 
When plasma membranes were preincubated 
for 2 min with MgATP immediately before addi- 
tion of 45CaC12, linear 45Ca2+ -uptake is preceded 
by a rapid phase of 45Ca2+-accumulation (see 
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fig. 1). Rapid 45Ca2+ -accumulation persists when, 
after pre-incubation, ATP is digested with the en- 
zyme apyrase (not shown). The fast accumulation 
process is not affected by 10 PM orthovanadate. 
The amount of 4sCa2+ transported during the 
rapid phase is markedly reduced when preincuba- 
tion with ATP is carried out in the presence of 
50 PM EGTA. These observations suggest that 
rapid 45Ca2+ -accumulation represents an ex- 
change of added 45Ca2+ with endogenous Ca2+ 
accumulated into inside-out oriented vesicles dur- 
ing their preincubation with MgATP. In the 
Ca2+ initiated Ca2+ -uptake experiments initial 
rates of ATP-dependent Ca2+ -uptake were there- 
fore calculated after subtraction of Ca2+ accumul- 
ated by Ca2+/Ca2+ exchange from the total 
amount of CaZ + transported. 
3.2. Stimulation of ATP-dependent Ca2+ -uptake 
by calmodulin and catalytic subunit of cyclic 
AMP-dependent protein kinase 
ATP-dependent Ca2+-uptake is enhanced after 
preincubation of the plasma membrane prepara- 
tion with C subunit (tig.1). The increase in Ca2+- 
uptake is due to accelerated Cal+-transport into 
sarcolemmal vesicles. This conclusion appears jus- 
tified on the basis of Ca2+-transport characteris- 
tics given in section 3.1. It is supported by Cal+ - 
release experiments: A large part of Ca2+ addi- 
tionally accumulated by the preparation following 
its preincubation with C subunit can be exchanged 
for Na+ via the Na+ /Ca2+-exchange system 
(tig.2). For transport stimulation both C subunit 
and MgATP must be present in the preincubation 
mixture. It is assumed therefore that stimulation is 
mediated by phosphorylation of specific mem- 
brane protein(s). 
Calmodulin added over 0.01-0.5 PM has no 
effect on ATP-initiated Ca2+-uptake. This is in 
contrast to [14]. A simple explanation for the inef- 
ficiency of added calmodulin to stimulate Ca2+- 
transport is the possible presence of endogenous 
calmodulin, the removal of which needs special 
procedures 131. That the activity of the sarcolem- 
ma1 Ca2+-pump might be indeed supported by a 
direct action of endogenous calmodulin is sug- 
gested by the observation that Ca2+-transport is 
inhibited by -30% in the presence of 20 PM TFP 
(not shown). 
Added calmodulin is likewise without significant 
effect on Ca2+ -initiated Ca2+ -uptake (fig.1). Ex- 
ogenous calmodulin has, however, a potentiating 
effect on the stimulation of Ca2+ -transport by the 
C subunit. This is shown for saturating concentra- 
tions of Cal+ in lig.1. A quite similar degree of 
stimulation was observed at 0.3 PM free Ca2+. 
4. DISCUSSION 
Cyclic AMP-dependent stimulation of the 
Cal+-pump in sarcolemmal preparations was re- 
ported in [4,7]. The limited degree of purity of 
these preparations did, however, not allow an une- 
quivocal attribution of Ca2+ -dependent activities 
to sarcolemmal fragments. In [8] evidence was pre- 
sented for the regulation of sarcolemmal Ca2+ - 
ATPase by a phosphorylation-dephosphorylation 
cycle. 
Convincing criteria for safely attributing Ca2+ - 
pump activities to sarcolemmal fragments in the 
preparation of [8] had appeared in [3]. In the prep- 
aration, functional SR had been removed by load- 
ing membranes with Ca-oxalate in the presence of 
MgATP. During the loading step sarcolemmal 
membranes became phosphorylated. To demon- 
strate an influence of protein phosphorylation on 
Ca2+ -transport membranes had first to be de- 
phosphorylated. This was followed by rephosphor- 
ylation with endogenous protein kinases or added 
phosphorylase kinase [ 81. 
In these experiments a high degree of purity of 
sarcolemmal membranes has been achieved with- 
out any loading step. The sarcolemmal membranes 
used contain an endogenous Ca2+ -dependent pro- 
tein kinase, that is several-fold stimulated by add- 
ed calmodulin. The preparation contains only little 
cyclic AMP-dependent protein kinase activity. The 
effect of protein kinase-catalyzed phosphorylation 
on sarcolemmal Ca2+ -transport has been assessed, 
therefore, by prior incubation of membranes with 
MgATP, calmodulin and C subunit. Maximal 
stimulation of Ca2+ -transport across cardiac plas- 
ma membrane is observed only when both cal- 
modulin and C subunit were present during the 
preincubation period. Calmodulin and C subunit 
have potentiating rather than additive effects. Fur- 
thermore, pre-phosphorylation of cardiac plasma 
membranes resulted in enhanced Ca2+ -accumula- 
tion rates both at low and saturating concentra- 
tions of Ca2+. This is in contrast to stimulation of 
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Ca2+-transport by membranes of the cardiac SR. 
Phosphorylation of reticular membranes affects 
Ca2+-uptake rates significantly only at c 1 PM 
free Ca2+ [5]. 
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